The purpose of this study was to compare a routine bone SPECT/CT protocol using CT reconstructed with filtered backprojection (FBP) with an optimized protocol using low-dose CT images reconstructed with adaptive statistical iterative reconstruction (ASiR). Methods: In this prospective study, enrolled patients underwent bone SPECT/CT, with 1 SPECT acquisition followed by 2 randomized CT acquisitions: FBP CT (FBP; noise index, 25) and ASiR CT (70% ASiR; noise index, 40). The image quality of both attenuation-corrected SPECT and CT images was visually (5-point Likert scale, 2 interpreters) and quantitatively (contrast ratio [CR] and signal-to-noise ratio [SNR]) estimated. The CT dose index volume, dose-length product, and effective dose were compared. Results: Seventy-five patients were enrolled in the study. Quantitative attenuation-corrected SPECT evaluation showed no inferiority for contrast ratio and SNR issued from FBP CT or ASiR CT (respectively, 13.41 ± 7.83 vs. 13.45 ± 7.99 and 2.33 ± 0.83 vs. 2.32 ± 0.84). Qualitative image analysis showed no difference between attenuation-corrected SPECT images issued from FBP CT or ASiR CT for both interpreters (respectively, 3.5 ± 0.6 vs. 3.5 ± 0.6 and 3.6 ± 0.5 vs. 3.6 ± 0.5). Quantitative CT evaluation showed no inferiority for SNR between FBP and ASiR CT images (respectively, 0.93 ± 0.16 and 1.07 ± 0.17). Qualitative image analysis showed no quality difference between FBP and ASiR CT images for both interpreters (respectively, 3.8 ± 0.5 vs. 3.6 ± 0.5 and 4.0 ± 0.1 vs. 4.0 ± 0.2). Mean CT dose index volume, dose-length product, and effective dose for ASiR CT (3.0 ± 2.0 mGy, 148 ± 85 mGy⋅cm, and 2.2 ± 1.3 mSv) were significantly lower than for FBP CT (8.5 ± 3.7 mGy, 365 ± 160 mGy⋅cm, and 5.5 ± 2.4 mSv). Conclusion: The use of 70% ASiR blending in bone SPECT/CT can reduce the CT radiation dose by 60%, with no sacrifice in attenuation-corrected SPECT and CT image quality, compared with the conventional protocol using FBP CT reconstruction technique.
Despi te the fact that iterative reconstruction algorithms have been applied in nuclear imaging since the early 1980s (1, 2) , their implementation in CT practice was limited by the small computational capacities at that time leading to cumbersome times of image formation. Development of high-performance computer processors allows, nowadays, the use of iterative algorithms in CT imaging. Each manufacturer has developed its own algorithm: Adaptive Statistical Iterative Reconstruction (ASiR; GE Healthcare, Inc.), iDose Iterative Model Reconstruction (iDose; Philips Healthcare, Inc.), Iterative Reconstruction in Image Space and Sinogram AFfirmed Iterative Reconstruction (IRIS and SAFIRE; Siemens Healthcare Solutions, Inc.), and AIDR 3D (Toshiba Medical Systems). More recent generations of iterative algorithms are now available on nonhybrid CT devices such as Model-Based Iterative Reconstruction (MBIR; GE Healthcare), Iterative Model Reconstruction (IMR; Philips Healthcare), and ADvanced Modeled Iterative REconstruction (ADMIRE; Siemens Healthcare Solutions). While maintaining the same image quality, iterative reconstructions reduce noise so that the tube current and the tube voltage can be reduced, thus reducing the dose. Many clinical studies supporting this hypothesis have been reported, describing the use of iterative reconstruction methods in abdomen, chest, head, and coronary CT (3) . Nevertheless, to the best of our knowledge, the role of iterative reconstruction in SPECT/CT has so far never been investigated.
Bone SPECT is one of the most common nuclear medicine procedures. It is frequently performed with a hybrid SPECT/CT camera that can combine the functional imaging capabilities of SPECT with the precise anatomic overlay of CT images. It provides accurate attenuation-corrected and coregistered images and has been shown to improve sensitivity and specificity in the areas of malignant and benign bone disease (4) (5) (6) (7) .
Considering the potential risks of radiation-induced cancer due to low x-ray doses (8-10) and the ALARA (As Low As Reasonably Achievable) precautionary principle, dose reduction of SPECT/CT examinations is essential. The radiation dose delivered by CT can significantly increase the overall dose of SPECT/CT examinations. Thereby, the use of new CT iterative reconstruction, such as ASiR, to decrease CT dose radiation seems to be important if it does not reduce SPECT/CT image quality. ASiR is a first-generation iterative reconstruction method whose technical principles have been described elsewhere (11) (12) (13) . Briefly, it is a hybrid reconstruction algorithm designed as a compromise between filtered backprojection (FBP) (approximate but highly efficient and very-short reconstruction times) and iterative (optimized for noise reduction but high computational burden) methods. The FBP image is used for the initial condition. The iterative part of the ASiR algorithm includes system statistics modeling to optimize image reconstruction but does not include the system optics modeling. Final result corresponds to a blend of the original FBP and the full adaptive statistical iterative reconstruction images that can be adjusted from 1%-100%. Thus, ASiR reconstructs images with lower image noise and only slightly longer reconstruction time than FBP techniques. The aim of the present study was to assess the effect of ASiR on dose reduction and image quality in bone SPECT/CT.
MATERIALS AND METHODS

Patients and Settings
This prospective, single-center, observational study was conducted at the Department of Nuclear Medicine of Nimes University. Patients were enrolled for a 10-mo period (August 2013 to May 2014). The study was approved by the institutional ethics committee (CPP Sud Mediterranée III; RCB no. 2013-A00070-45). Patients referred for bone scanning (oncologic indications or lumbar complaints) were prospectively recruited. Because of possible artifacts in attenuation-corrected bone SPECT/CT, patients with lumbar osteosynthesis were excluded. All patients gave written informed consent to be enrolled.
Scanning Techniques
All examinations were performed on a Discovery NM/CT 670 camera (GE Healthcare) that combines a dual-head SPECT system (0.952-cm NaI crystal; 59 photomultiplier tube [PMT]; 1 analog-to-digital converter/PMT; 40 · 54 cm field of view) with the BrightSpeed Elite multidetector CT (24 rows -maximum 16 slices/rotation).
SPECT. The 10 MBq/kg dose of 99m Tc-hydroxymethylene diphosphonate (HMDP) (Osteocis; Cis Bio International-IBA Molecular) was administered intravenously at least 2 h before imaging. Low-energy, ultra-highresolution (LEHR) parallel collimators were used. SPECT studies were performed with the followings parameters: LEHR parallel collimators, 2 energy windows (one for the photopeak of 99m Tc [140 6 7.5% keV] and the other for Compton downscatter correction [120 6 7.5% keV]), 128 · 128 matrix, 4.42-mm pixel size, and 6°per steps (arc per detector 180°) in step-and-shoot acquisition mode (15 s per step).
Data were reconstructed using an ordered-subset expectation maximization iterative reconstruction algorithm (10 subsets and 4 iterations) with collimator-detector response compensation (Evolution for Bone; GE Healthcare), scatter correction, and attenuation correction. All data were reconstructed twice using either FBP CT or ASiR CT to create attenuation-correction maps. Images were postfiltered using the standard Butterworth filter (cutoff, 0.48; order, 10).
CT. Every examination started with an acquisition of 2 scout views, a lateral view, and an anteroposterior view, using 120 kV and 10 mA. Two consecutive and randomized unenhanced craniocaudal CT acquisitions were acquired using helical rotation (beam collimation, 16 · 1.25 mm; 27.5 mm/rotation; pitch, 1.375/1; rotation, 0.8 s; 120 kV; automatic tube current modulation in the x-axis, y-axis, and z-axis; SmartmA and AutomA [GE Healthcare] maximum range, 10-350 mA; noise index [NI], 25 for FBP CT or 40 for ASiR CT with 70% level of ASiR-FBP blending; total exposure, 15 s) and were reconstructed using a 512 · 512 matrix, 0.98 pixel size, 2.5 slice thickness, 1.250 interval reconstruction, bone filter, and extended field of view. CT protocols differed only by the NI used (FBP CT NI25 and ASiR CT NI40) during acquisition and by the algorithm used for reconstruction (FBP CT and ASiR CT with 70% level of ASiR-FBP blending) ( Table 1) . For FBP CT, NI25 was used as by the manufacturer. For the ASiR CT protocol, we chose an optimal level of NI and ASiR percentage (NI40, ASiR 70%) that seemed to lead to the best trade-off between dose reduction and sufficient image quality (with a margin of safety) according to our phantom study and the following formula: NI ASiR 5 NI FBP /(1 -0.0073 · %ASiR) (14, 15) . Remember that the NI is a manufacturer-specific term, which is defined as the SD of the noise in the central region of a CT image of a uniform 20-cm water phantom when imaged and reconstructed with a standard reconstruction algorithm. We did not evaluate the computational time of FBP and ASiR reconstructions, but extra time due to iterative reconstruction did not have any impact on workflow.
Processing and Image Evaluation
Quantitative Analysis. Quantitative analysis was performed on an Xeleris 3 workstation (GE Healthcare) using a customized application programmed with Aladdin (GE Healthcare) that was able to create exactly the same cylindric volume of interest (VOI) on 2 paired sets of images (SPECT FBP with SPECT ASiR or FBP CT with ASiR CT). With 2 CT acquisitions, each patient acted as his or her own control. Quantitative SPECT evaluation was performed by analyzing 2 cylindric VOIs of the same size (;1 cm 3 ) in the body of the third lumbar vertebra (L3) and in the corresponding abdominal aorta (Ao). The total counts within the VOIs were determined, and a contrast ratio (CR) was calculated as follows: CR 5 VOI L3 /VOI Ao .
For the aorta VOI, average counts (mean) and SD were also determined to calculate a signal-to-noise ratio (SNR): VOI Aomean /VOI AoSD .
Quantitative CT evaluation was performed by analyzing cylindric VOIs (;1 cm 3 ) in the abdominal aorta, carefully avoiding the vascular wall because it could contain calcified atheromatous plaque. Average density and SD were measured using Hounsfield units, and an SNR was calculated as follows: SNR 5 VOI Aomean /VOI AoSD .
Qualitative Analysis. Qualitative image analysis was performed by 2 senior nuclear medicine physicians (7 and 10 y of experience). All SPECT/CT image datasets were reviewed in a masked manner on an Xeleris 3 workstation using volumetrix MI evolution for bone. Visual SPECT evaluation consisted of assessing contrast and noise in the images. Visual CT evaluation used bone (CT window/center, 2,000/400 HU) and soft-tissue (CT window/center, 350/40 HU) CT windows to assess contrast, resolution, and artifacts of trabecular/cortical bones and adjacent soft tissue. For both SPECT and CT, image quality was scored on a 5-point Likert scale (1, unacceptable image quality; 2, suboptimal image quality; 3, acceptable image quality; 4, good image quality; or 5, excellent image quality).
CT Dose Comparison. CT dose index volume (CTDI vol ) and doselength product (DLP) were compared for FBP CT and ASiR CT examinations. The effective dose was estimated using DLP and an abdominal dose conversion coefficient of 0.015 according to an International Commission on Radiological Protection publication (16) . Statistical analysis was performed using statistical analysis system 9.4 (SAS Institute Inc.). The type I error was fixed at 0.05. Noninferiority analyses were performed with a 1-sided Schuirmann test. In this crossover study, if the period effect was significant, noninferiority analyses were conducted by period. CT dose indices and effective dose were compared using the paired Wilcoxon/Mann-Whitney test.
RESULTS
Patients
From August 19, 2013, to May 28, 2014, 75 patients were recruited. The study population consisted of 37 women and 38 men (median age, 66 y; age range, 45-85 y) whose weight and height were measured and body mass index (BMI) estimated (26.3 kg/m 2 ; range, 19.1-48.8 kg/m 2 ). Nononcologic indications (n 5 16 [21%]) for bone scans were chronic or posttraumatic lower back pain. Oncologic indications (n 5 59 [79%]) were initial staging and follow-up. Primary tumors were prostate (n 5 26), breast (n 5 24), kidney (n 5 3), bladder (n 5 2), colon (n 5 2), lung (n 5 1), and pancreas (n 5 1). Data from 3 patients (n 5 75) could not be used because of patient movement between the 2 CT acquisitions, incomplete examination, and camera breakdown. Figure 1 shows SPECT and CT axial images obtained with FBP and ASiR CT for a representative patient. 99m Tc-HMDP was administered intravenously 205 min (range, 120-327 min) before imaging.
Attenuation-Corrected SPECT Image Analysis
Quantitative SPECT evaluation showed no inferiority for CR and SNR between FBP CT and ASiR CT, with a mean CR of 13.41 6 7.83 for FBP CT and 13.45 6 7.99 for ASiR CT and a mean SNR of 2.33 6 0.83 for FBP CT and 2.32 6 0.84 for ASiR CT (Table 2) . Qualitative image analysis showed no difference between SPECT images issued from FBP CT or ASiR CT, with an equal mean Likert score of 3.5 6 0.6 and 3.6 6 0.5 for interpreter 1 and interpreter 2, respectively.
CT Images Analysis
Quantitative CT evaluation showed no inferiority for SNR between FBP and ASiR CT images, with a mean SNR of 0.93 6 0.16 for FBP CT and 1.07 6 0.17 for ASiR CT (Table 3) .
Qualitative image analysis showed no difference between FBP and ASiR CT images, with a mean Likert score of 3.8 6 0.5 and 4.0 6 0.1 for FBP CT and 3.6 6 0.5 and 4.0 6 0.2 for ASiR CT for interpreter 1 and interpreter 2, respectively.
CT Dose Comparison
Mean CTDI vol , DLP, and effective dose for ASiR CT (3.0 6 2.0 mGy, 148 6 85 mGyÁcm, and 2.2 6 1.3 mSv) were significantly lower than for FBP CT (8.5 6 3.7 mGy, 365 6 160 mGyÁcm, and 5.5 6 2.4 mSv) ( Table 4) .
DISCUSSION
Bone scanning is one of the most common examinations performed in nuclear medicine and is routinely used in oncologic staging, especially in patients with prostate and breast cancers. SPECT/CT has increased sensitivity and specificity over SPECT and is more efficient in characterizing equivocal bone lesions (5, 17, 18) . Large coverage of a total area of 2 SPECT fields (from the cervical region to the proximal femora) allows accurate analysis of the whole spine, which is the most frequent site of bone metastasis (19, 20) . A growing use of CT implemented on hybrid SPECT/CT cameras improved patient care but also raised the total radiation delivered. CT irradiation can reach more than half of the total effective dose of different nuclear medicine examinations (21) . It is, therefore, essential to follow the principle of optimization (As Low As Reasonably Achievable [ALARA]) for both SPECT and CT components using solutions such as automatic exposure control with tube current modulation and newly implemented iterative image reconstruction.
Iterative reconstruction algorithms have been well studied on soft-tissue CT scans (3). However, few studies focused on bone tissue, for which the contrast-to-noise ratio is naturally high. In this case, the advantage of iterative reconstruction might be limited (22) (23) (24) . Spatial resolution is of special concern in bone imaging. Use of iterative reconstruction tends to smooth the subjective appearance of images, but it seems not to affect the spatial resolution (15, 25, 26) . Manufacturers commonly recommend an ASiR level of 40%. Various studies have set different blends of ASiR from 20% to 100%, with reported dose reductions ranging from 23% to 76% (3) . In this study, we chose an optimal level of NI and ASiR percentage (NI40 and ASiR 70%) that seemed to lead to the best trade-off between dose reduction and sufficient image quality according to our phantom study and the following formula: NI ASiR 5 NI FBP /(1-0.0073*%ASiR) (14, 15) . We decided not to use a percentage higher than 70% because this may result in a noise-free oversmooth artifactual image appearance, with a perceived lower image quality (11, 25) .
CT parameters previously used (NI25 FBP) led to a sufficient image quality in addition to scintigraphic data to perform reliable diagnosis. Therefore, the aim of this study was not to improve CT image quality but to significantly reduce radiation dose. Using NI40 and ASiR 70%, we demonstrated a 65% reduction of the mean CTDI vol and a 60% reduction of the mean effective dose without alteration of CT or SPECT image quality. Importantly, these results made us change our daily practice. Evaluations of oncology patients to detect bone involvement systematically include SPECT/CT images of the whole spine (2-3 SPECT fields). Optimization of all SPECT/CT and PET/CT procedures is essential to reduce radiation exposure. SPECT/CT scans that were individually patient-tailored also improved image quality.
Another approach of the utility of iterative reconstruction would have been to tip the scales in favor of image quality rather than dose reduction. CT and SPECT images in large patients are often of inferior quality because of excessive noise and artifacts. Methods used to maintain image quality (increasing tube current and potential, increasing injected radiotracer dose) are associated with higher radiation dose levels. Thus, obese patients benefit from noise reduction related to ASiR reconstruction (27) (28) (29) . Studying CT or SPECT image quality differences (FBP ASiR), we did not find any relationship with BMI (data not shown). However, we designed this study to be as close as possible to our daily practice with a heterogeneous population; therefore, our study population included only 21 (28%) patients with a BMI greater than or equal to 30. Waist circumference was not measured to classify different types of obesity. We assume that another study focused on obese patients could have more valuable results to assess the impact of ASiR in this population.
There were some interobserver differences on visual SPECT image analysis: interpreter 1 used a Likert score of 2 for both SPECT images issued from FBP and ASiR CT for 3 patients whereas interpreter 2 used a score of 3; those patients mainly correspond to BMI greater than 30 kg/m 2 . For CT image analysis, 1 patient with a BMI of 44.6 kg/m 2 had a Likert score of 2 (interpreter 1) and 3 (interpreter 2) for both FBP and ASiR CT images.
A limitation of our study is that the results we report apply to 1 SPECT/CT system (Discovery NM/CT 670 camera), a single iterative reconstruction method, and blending (70% ASiR NI40) using only sharp (bone) convolution kernel.
These results cannot be extrapolated to second-generation iterative reconstruction techniques such as MBIR, which are not yet implemented on hybrid SPECT/CT systems. Second, this study was not designed to assess the impact of the ASiR algorithm on the diagnostic performance. Further, we did not study the impact of iterative reconstruction in a specific population such as obese patients or patients with high-density implants or prosthesis. Nevertheless, this is the first SPECT/CT study designed to clinically validate optimized CT acquisition and reconstruction with ASiR.
Finally, further study is needed to validate the optimal combination of NI and ASiR percentage when exploring soft tissues and using smooth kernels. Although such combinations have already been investigated in many CT studies (11, (30) (31) (32) , we may assume that those results cannot be directly extrapolated to SPECT/CT practice because equipment, protocols, and purpose are not the same. Moreover, few studies on the utility of iterative reconstruction to obtain ultra-low-dose CT attenuation maps in SPECT/CT and PET/CT have been conducted so far (33, 34) .
CONCLUSION
The use of 70% ASiR blending in bone SPECT/CT can reduce CT radiation dose by 60%, with no sacrifice in SPECT and CT image quality compared with the conventional FBP CT reconstruction technique.
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